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ABSTRACT 
PRODUCING DAT A TO SUPPORT THE DETECTION AND UNDERSTANDING 
OF EARLY ON-SET CORROSION IN ACCELERATED WEATHERING 
Stephanie Suzanne Messer 
August 2012 
The goal of the research reported herein was to generate data towards the 
development of methods and protocols for detecting, quantifying, and understanding 
early on-set corrosion events on and above aluminum 2024-T3. The studies focused on 
incorporating two main fluorescent probes into a few model epoxy and/or urethane 
coatings to detect X and Y axis specific pH changes occurring upon and above the 
substrate during pre-macroscopic corrosion. The primary fluorophore used was 
fluorescein, a pH sensitive probe capable of detecting the changes, mainly increases in 
pH that accompanies aluminum corrosion. The second molecular probe, rhodamine B, 
was utilized to better understand the direct and differential fluorescent behavior of 
fluorescein through fluorescence resonance energy transfer (FRET). The polymeric 
materials were selected to capture a broad range of material types, delivery methods, and 
yet mimic the matrix materials selected for use in aerospace and other applications to 
aluminum substrates. The 1 K and 2K epoxy coatings were based on diglycidyl ether of 
bisphenol-A (DGEBA) epoxide resins. Urethane coatings included a self-crosslinking 
polyurethane dispersion (PUD), solvent based 2K polyurethane (PU), and solvent based 
2K polyurethane-urea (PUU) systems. The thin films were characterized for their water 
vapor transmission (WVT), water equilibrium content (WEC), leaching behavior, wet 
11 
and dry adhesion, and hardness before, during and after simplified environmental 
exposure, i.e., 5% NaCl H20 solution. 
In summary of the data, comparing all of the polymeric material results, the 
epoxy systems outperformed the urethanes with lower WVT rates and WEC, preserved 
each of the fluorophores ' concentration to a greater extent within the polymer matrix, 
and retained their physical properties better upon accelerated weathering. In the 
leaching test, the 1 K epoxy system retained 100% of both fluorescent probes even after 
21 days of immersion while the 2K epoxy system displayed comparable probe retention 
of rhodamine B. The 2K epoxy aliquots showed an increased fluorescence intensity of 
18.2 times that of the blank test solution for fluorescein after three weeks of immersion, 
which indicates leaching of this probe. The urethane coatings each indicated a 
significant loss of both of the fluorescent probes. Compared to the blank samples, 
aliquots from the PU, PUD, and PUU samples indicated fluorescent intensity increases 
for fluorescein of 17.4, 148.2, and 21.2, respectively. Similar fluorescent intensity 
increases were also observed for the rhodamine B probe of2.8, 7.2, and 2.3, 
respectively. Another important observation was determined to occur in the pH 
sensitive probe. Fluorescein exhibits an isosbestic point at 460 nm and has been 
quantified and observed before in solution 1• Investigations into fluorescein' s isosbestic 
point were made for use as an internal control for both concentration and differential pH 
phenomenon specifically induced via corrosion with lK epoxy thin films. Although the 
data hinted at a retention and shift of the isosbestic point when fluorescein was bound 
within the coating, this did not translate well into fluorescence intensity. 
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CHAPTER I 
INTRODUCTION 
What is Corrosion? 
A simple definition of corrosion is the destruction or deterioration of a material 
through chemical reactions with its environment 2,3,4_ Typically associated only with 
metals, this new definition of corrosion expands the classification of corrodible materials 
to polymers and coatings systems as well. The revised definition of corrosion 
encompasses more than the metal substrate and drives scientists to further consider the 
balance between material properties in the polymer and/or coating when combating 
corrosion, a natural and yet destructive occurrence. 
Corrosion affects the object it attacks, and also the surrounding environment. 
Corroding pipelines, for instance, will be more likely to leak the intended contents into 
the surrounding ecosystem and possibly devastate the area around it. Unchecked and 
prolonged corrosion is detrimental towards societal productivity resulting in higher 
percentage of time out of service and the necessary cost for repairs or replacement. 
Corroding objects diminish in value since it affects desirable properties such as strength, 
functionality, lifespan, and aesthetics. All in all, corrosion negatively affects 
individuals, companies, and the environment in many different ways. 
Corrosion Effects on the Economy 
Corrosion affects virtually every material, and its cost goes beyond that of 
production and maintenance. According to the World Corrosion Organization, corrosion 
costs the world $2.2 trillion each year, which equates to 3 .1-3 .5% of the world GDP 5. 
US corrosion expenditures exceeded $126 billion a year in the mid-80s, with 
approximately $2 billion spent on anti-corrosive organic coatings alone 2. Recent 
estimation claims that corrosion costs have reached $300 billion per year 6, or 
approximately 2.3% of US GDP. Corrosion spending has been calculated to exceed the 
combined average annual costs of floods, hurricanes, tornadoes, fires, lightning, and 
earthquakes 2. 
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In 2003, the Department of Defense (DoD) estimated that it had been spending 
an average of $9 billion a year on corrosion 7• That estimate has more than doubled 
within 6 years (Table 1) 8, assuming that total costs from each area reported did not 
change during the four years examined and in the two years since these numbers were 
reported, to over $18 billion a year 8. More extensive research into the monetary cost of 
corrosion may inflate this number further. 
Table 1 
Department of Defense Estimated Annual Cost of Corrosion 8 
Study Year Study Segment 
2005-2006 Navy ships 
2006-2007 DoD facilities and infrastructure 
Army aviation and missiles 
Marine Corps ground vehicles 
2007-2008 Navy and Marine Corps aviation 
2008-2009 Air Force aircraft and missile equipment 
Army ground vehicles 
Total: 
Annual Cost of 
Corrosion 
$2.4 billion 
$1.8 billion 
$1.6 billion 
$0. 7 billion 
$3.0 billion 
$5.4 billion 
$2.4 billion 
$18.3 billion 
Corrosion affects more than military assets, however, and sometimes the losses 
cannot be quantified in monetary terms singularly. The 2007 collapse of the I-35W 
Bridge in Minneapolis, MN is a recent example. The primary cause for the bride 
collapse was determined to be stress-corrosion in combination with corrosion driven 
fatigue while subsequently the minor influence towards failure was electrochemical 
corrosion. Thirteen lives 9 were lost and 98 were injured, at least 22 of which were 
children 10• The Red Cross spent over $200,000 in aid to victims, and even more was 
donated to the families of victims by local citizens 11' 12• The Minnesota Department of 
Transportation calculated that the added detours cost Minnesota drivers an additional 
$400,000 per day over the next 414 days, which is how long it took to rebuild the 
bridge 13 . The direct and indirect costs add up to be $165.6 million, an additional $234 
million spent on building the new I-35W Saint Anthony Falls Bridge, and an estimated 
economic loss due to the bridge collapse totaled approximately $60 million, and local, 
small businesses reportedly lost an estimated 30-50% of their annual income due to 
decreased traffic near the disaster site 14, totaling $459.6 million. Additionally, at least 
35 people lost their jobs due to layoffs directly caused by the bridge collapse 15• 
Through the control of corrosion, the saving of time, money, and lives can be 
achieved by assiduous inspection, better barrier coatings, and the use of newer 
laboratory testing techniques 2, and most directly related to this thesis, the development 
of testing, characterization, and protocols to detect and quantify the pre-macroscopic 
corrosion events, which lead directly to asset failure and losses. It is estimated that the 
world could save 20-25% of what is already spent combating corrosion through the use 
3 
of appropriate corrosion technologies, which translates to $440-550 billion savings per 
year as stated by the World Corrosion Organization 5. 
4 
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CHAPTER II 
DEGRADATION OF COATINGS AND SUBSTRATES 
How Polymers and Coatings Degrade 
On a weight by weight basis, polymer-based coatings protect more metal from 
corrosion than any other protection method 2. Though polymers are not the structural 
component in many applications, these materials form the basis of barriers against many 
extreme corrosive environments, such as hydrochloric acid and those containing 
chloride ions 2• Polyphenols, for example, have great resistance to both low pH and high 
temperature environments. Environmental stresses that induce premature or in situ 
polymer and/or coating performance loss and materials degradation include ultraviolet 
(UV) radiation, moisture or hydraulic failure, heat, microbial influenced degradation, 
electrolyte uptake, and chemical damage 2, 16• 
Sunlight, primarily its UV radiation component, is one of the most severe 
environments for coatings. Ultraviolet radiation very commonly results in yellowing, 
gloss reduction, chalking, bond breakage, and/or increased crosslink density 16• This 
chemical breakdown of the coating also affects losses from the original mechanical and 
performance properties often manifested in the form of decreased flexibility, 
embrittlement, cracking, increased internal stress and hardness, altered solubility and 
crosslink density, increased permeability, film erosion/thinning, loss of adhesion or 
delamination, and formation of greater quantities of polar groups at the film-air 
interface, directly resulting in increased hydrophilicity 16' 17' 18' 19'20• Table 2 describes in 
the effects of UV absorption in greater detail. 
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Table 2 
Effects of Absorbed UV Energy 16 
Absorbed UV energy 
... Which causes goes into ... ... and ultimately 
Additional increased internal stress, leading to cracking, delamination, 
crosslinking hardening, decreased flexibility, and or both 
eventually embrittlement that leads 
to voids, cracks, and breached 
regions 
Scissoring increased internal bond loss of film thickness 
rearrangement, higher oxygen and decrease of 
uptake, and polar group permeation barrier 
development, increased void properties 
volume, worsened crosslinking 
Generation of polar increased surface wettability and decrease of permeation 
groups at the surface hydrophilicity barrier properties 
Moisture can also drastically affect the polymer system if the binder absorbs 
moisture via polar groups as a portion of the molecular constituents or via free volume 
inherent to polymeric materials 16• Additionally, coating integrity can be affected via 
micro-crack or macro-crack formation from poor application, poor substrate preparation, 
or exposure and/or temperature/mechanical stresses that result in higher water uptake 16• 
While water can accumulated within voids or around hydrophilic moieties within a 
coating, water can also result in blister formation and accelerated corrosion product 
formation 16'21• 
Any material that intimately mixes with part or the whole of the polymeric 
materials acts as a solvent. Solvents can cause coatings to swell, dissolve, soften, 
harden, discolor, lose adhesion, increase water uptake, increase free/void volume, store 
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electrolytes, and/or chip 2'16. Figure 1 is a cartoon depiction of solvent induced 
degradation effects on a given polymer coating. A multilayer interface is formed 
between the liquid and solid phases. As the liquid migrates through the polymer, a gel is 
formed at the film-air interface where the solvent concentration within the polymer 
matrix is the highest. The liquid continues to move through the coating, which forms a 
layer of solvent-swollen polymer. As the solvent concentration decreases w ithin the 
coating, an infiltration layer is formed that contains only small amounts of solvent. 
Figure 1. The Polymer-Solvent Interface 2,22• 
Polymer swelling can result in film stiffening as well as an increase in modulus 
upon repeated solubilization and evaporation. Like UV radiation, water uptake and 
presence can also chemically alter polymeric materials. Small molecules either present 
or generated during the solvation process can be washed, extracted, or imparted out of or 
into the film, driving changes in properties away from the original material performance 
and ultimately accelerating the loss of film coherence, reduced density or thickness, and 
greater variability in free volume/percolation to facilitate electrolyte and dissolved m etal 
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flux. Alternating wet and dry cycles induce internal stresses in polymers as film 
swelling results in compressive stresses while tensile stresses are caused when the film 
dries. The cyclic expansion and contraction process often leads to a loss of adhesion and 
cohesion 16• 
Small and consistent temperature changes can also affect the film-substrate 
integrity negatively. Drastic thermal fluctuations can affect crosslinking, thermal bond 
breakage, and a weakened polymer-substrate adhesive bond. Measureable changes in 
glass transition temperature (Tg) have also been shown to result in greater diffusion rates 
for pigment and additive losses 16• Chemical contaminants in the atmosphere can also 
breakdown the coating. Chemical breakdown via any of the processes described above 
increase a polymer's susceptibility to degradation by chemical contaminants 16• Some 
examples of atmospheric contaminants include sulfur near industrial plants, which can 
lead to acid rain, salts found in and near the ocean, and. 
It is clear from the brief review above that the process of material property 
changes and ultimately material in service failure that facilitate metal dissolution and 
macroscopic corrosion are complex. 
Corrosion of Aluminum 
Aluminum is widely employed in applications that require exposure to natural 
atmosphere, fresh and salt waters, chemicals, soils, and food. A freshly formed 
aluminum surface quickly develops a protective oxide film approximately 50 A thick 
due to its high thermodynamic reactivity (Table 3). The oxide layer will immediately 
reestablish itself when damaged. However, if the damaged sample is no longer exposed 
to self-repairing conditions, corrosion will occur 23. 
Table 3 
Electromotive Force Series for Metals 23 
Electrode Reaction 
Au3+ + 3e- -- Au 
Pd2+ + 2e- -- Pd 
2+ Hg + 3e- --Hg 
Ag++ e- --Ag 
2+ Hg2 + 2e- -- 2Hg 
Cu++ e- -- Cu 
Cu2+ + 2e- -- CU 
2H+ + 2e- -- H2 
Pb2+ + 2e- -- Pb 
Sn2+ + 2e- -- Sn 
Ni2+ + 2e- -- Ni 
Co2+ + 2e- -- Co 
Tt + e- -- TI 
In3+ + 3e- -- In 
Cd2+ + 2e- -- Cd 
Fe2+ + 2e- -- Fe 
Ga3+ + 3e- -- Ga 
Cr3+ + 3e- -- Cr 
Cr2+ + 2e- -- Cr 
Standard Potential at 25 °C 
(77 °F) V vs. SHE 
1.50 
0.987 
0.854 
0.800 
0.789 
0.521 
0.337 
(Reference) 
0.000 
-0.126 
-0.1 36 
-0.250 
-0.277 
-0.336 
-0.342 
-0.403 
-0.44 
-0.53 
-0.74 
-0.91 
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Table 3 ( continued). 
Electrode Reaction 
Zn2+ + 2e- - Zn 
Mn2+ + 2e- - Mn 
Zr4+ + 4e- - Zr 
Ti2+ + 2e- - Ti 
Al3+ + 3e- - Al 
Hf4+ + 4e- - Hf 
U3+ + 3e- - U 
Be2+ + 2e- - Be 
Mg2+ + 2e- - Mg 
Na++e--Na 
Ca2+ + 2e- - Ca 
K++ e- - K 
Li++ e- - Li 
SHE, standard hydrogen electrode 
Standard Potential at 25 °C 
(77 °F) V vs. SHE 
-0.763 
-1.1 8 
-1.53 
-1.63 
-1.66 
-1.70 
-1.80 
-1.85 
-2.37 
-2.71 
-2.87 
-2.93 
-3.05 
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As shown in Figure 2, the oxide is composed of two layers, of which the bottom 
layer is a compact amorphous barrier film and the upper most layer is a thicker, more 
porous hydrated oxide deposit 23•24. The bottom layer thickness is dependent upon 
temperature, regardless of relative humidity levels 23 . 
1 
T 
Pores in the 
oxide layer 
Aluminum 99.99% 
Figure 2. The passive oxide film that forms on aluminum 23. 
Natural 
}oxide 
layer 
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The oxide layer is the result of a dynamic equilibrium between opposing forces; 
those that form the oxide barrier layer and those that break it down 23• If destructive 
forces are absent, the barrier layer will form and self-protect the aluminum substrate 23 . 
However, if they are too strong, the oxide layer will rapidly hydrate, which allows the 
upper barrier to wash off and corrode or dissolve the aluminum underneath 23 . Figure 3 
represents the macroscopic conditions necessary for thermodynamic stability of the 
aluminum oxide film plotted in the form of potential versus pH 23• Some exceptions 
exist for the stable pH ranges shown, which depend on temperature, the form of oxide 
film produced and the presence of substances that can form soluble complexes or 
insoluble salts with aluminum 23.25_ 
1.2 
0.8 
+0.4 
w 0 :c 
~ 
> 
~ -0.4 
cii 
E -0.8 
.2! 
R. 
-1 .2 
-1.6 
-2 
Corrosion 
0 +2 4 6 8 
pH 
Corrosion 
10 12 14 16 
Figure 3. Pourbaix diagram for aluminum showing the conditions of corrosion, 
immunity, and passivation of aluminum at 25°C, assuming protection by a film of 
b . l 23,26 ayente, A 203•3H20 . 
In metals, corrosion comes in many forms including anodic, cathodic, crevice, 
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galvanic, and pitting. In the case of aluminum, pitting is the prevailing form of 
corrosion in the presence of halide ions, chloride being the most common halide found 
in seawater 23. Being difficult to detect visually, pitting often leads to metal perforation 
and can result in large portions of an aluminum object failing catastrophically without 
warning. 
Figure 4 depicts the effect of chloride ion concentration versus pitting potential 
of aluminum 1199, which is almost pure aluminum (99.99%). A lower (anionic) 
potential leads to pitting, while a cathodic potential retards pit corrosion 23. In the 
presence of oxygen, the substrate is readily polarized to an anionic state 23. As a result, 
13 
aluminum will pit when placed in solutions that are in contact with the open air 23. 
However, pit corrosion will not occur in aluminum if the system is starved of oxygen or 
other cathodic reactants 23. Most aerated solutions of non-halide salts will also not 
develop pitting since aluminum will remain more cathodic in these systems. 
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Figure 4. Effect of chloride-ion activity on pitting potential of aluminum 1199 in NaCl 
solutions 23. 
Pits in aluminum substrates occur at compromised points along the oxide film 23 . 
Pit formation will only occur in a pH range between 4.5 to 9.0 23. In highly acidic or 
basic solutions, the oxide layer becomes unstable and other forms of corrosion dominate 
the system 23 . The environment within the pit becomes acidic (approximately pH 3.5), 
while the area outside of the pit becomes alkaline (Figure 5) 23•27. 
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Figure 5. Generalized illustration of pitting corrosion on aluminum alloys 27. 
The aluminum alloy chosen for this study was 2024-T3 due to its high strength to 
weight ratio and excellent fatigue resistance, which makes it useful in military assets 
such as aircraft, hardware, and transport vehicles. Though it stands up to mechanical 
stresses quite well, it has poor corrosion resistance and requires cathodic protection 
and/or barrier coatings. Due to this high susceptibility to corrosion, 2024-T3 makes for 
an excellent test substrate for the exploration of detecting and quantifying the products 
of early or pre-macroscopic corrosion in route towards improved corrosion control 
materials. 
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CHAPTER III 
TECHNIQUES USED IN CORROSION RESEARCH 
Fontana listed four main reasons behind corrosion testing: (1) to evaluate and 
select proper materials for a specific function or environment; (2) to assess new or old 
materials to determine suitable environments for their use; (3) to measure the corrosion 
resistance of a material or the corrosiveness of an environment; and ( 4) to ascertain the 
corrosion mechanism of a material or a potentially corrosive atmosphere 2• Each of 
these motives provides different, and equally important, information about the nature of 
corrosion. Understanding the corrosive environment, and how a given material or 
system of materials will respond in that environment allows the end user to select 
materials with adequate corrosion resistance and improved reliability towards service 
life prediction. With greater early detection and understanding, engineers and scientists 
could more reliably predict when maintenance is needed or failure is expected to occur 
and establish protocols to prevent usage past the catastrophic failure point. 
Accelerated Corrosion Testing 
Corrosion of metals in natural environments can take several years before visual 
signs of damage are observed. This long time to corrode is beneficial when the desired 
effect is to prevent material breakdown. Conversely, a laboratory procedure that 
provides a faster corrosion process has the potential to be time-saving when choosing 
the best coating system or substrate. To reduce waiting time and accelerate research, 
corrosion scientists and engineers have developed and evolved to use accelerated 
laboratory tests intended to mimic corrosive environments and increase the rate of 
corrosion. The ultimate objectives of these accelerated testing methods/protocols are to 
eliminate the poor performing materials and material combinations, narrow the viable 
system choices, and identify the quantifiably best coating each application. 
Unfortunately, the number of environmental variable parameters for each substrate, in 
each application from each application method and cure conditions vary so drastically 
around the world that no single test or series of testing protocols have accurately 
replicated all possible environmental conditions, i.e., no single method simultaneously 
measures the performance influence of all possible outcomes 16• 
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Salt spray testing has been in use since 1914, and the first use of ASTM B 117 
neutral salt fog was in 1939 28. It was the first corrosion test of its kind and is still one of 
the most widely used tests 29. This test employs a neutral (pH 6.5-7 .2), 5 wt% sodium 
chloride (NaCl) salt solution spray in the test chamber while maintaining a temperature 
of 35°C and a relative humidity (RH) of 95-98% 30• Many variations of this salt spray 
test have been promoted to better mimic real world conditions. 
One such variation is ASTM G85, which exposes samples to acidic conditions. 
This test seeks to mimic acidic environments that are often found around industrial 
sites. There are five versions of G85 ( annex A 1-5), each being used to mimic a different 
natural environment. One or more of the following variables are changed between the 
five versions: temperature, salt solution, percent relative humidity (RH), and/or exposure 
cycles. 
Annex Al employs a continuous acetic acid salt spray of pH 3.1 -3.3 at 35°C and 
95-98% RH 31 '32• Annex A2 refers to an acidified salt spray developed for exfoliation 
testing on aluminum alloys 32 . Containing three cycles, the chamber for annex A2 is set 
to a continuous 49°C and pH 2.8-3.0 (Table 4) 31'32• Al and A2 both employ a 5 wt% 
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NaCl solution in deionized (DI) water, and acetic acid is used to adjust the pH. Annex 
A3 describes a cyclic seawater acidified test (SW AA T) similar to A2 but with shorter 
cycle times and without the dry air cycle 31 '32• Since this test was designed to determine 
corrosion resistance in harsh marine environments, it employs a synthetic sea salt 
solution for testing and glacial acetic acid to achieve a pH of 2.8-3.0 (Table 5) 31 '32• 
Annex A4 pertains to a cyclic sulfur dioxide (S02) salt spray test that can utilize either a 
synthetic sea salt or 5 wt% NaCl solution 31'32 • It was originally developed to mimic 
exfoliation corrosion noted on aircraft carriers and proceeds via one of two cycle tests: 
A4.1 or A4.2 (Table 6), both of which employ a neutral salt spray test chamber 
maintained at 35°C 31 •32. Annex A5, also known as the Prohesion test, refers to a dilute 
electrolyte cyclic fog test that utilizes a 0.05 wt% NaCl + 0.35 wt% ammonium sulfate 
solution in DI water. Unlike the other tests, A5 does not maintain a uniform temperature 
throughout its cycles (Table 7). Since the tests referred to in annexes A2-5 proceed 
through multiple cycles, there total exposure times are variable. 
Table 4 
Annex A2: Cyclic Acidified Salt Spray Test 31•32 
Cycle 
1 
2 
3 
Exposure 
salt spray 
dry air 
95%RH 
Time (hr) 
0.75 
2.00 
3.25 
Table 5 
Annex A3: Cyclic Seawater Acidified Test 31,32 
Table 6 
Cycle 
1 
2 
Exposure 
salt spray 
> 98%RH 
Annex A4: Cyclic Sulfur Dioxide Salt Spray Test 31' 32 
Cycle Exposure 
1 salt spray 
A4.1 
salt spray+ 2 S02 gas purge 
1 salt spray 
A4.2 2 
salt spray+ 
S02 gas purge 
3 ~ 95% RH 
Table 7 
Annex A5: Dilute Electrolyte Cyclic Fog Test 31,32 
Cycle 
1 
2 
Exposure 
salt spray 
dry air 
Temperature (°C) 
24± 3 
35 ± 1.5 
Time (min) 
30 
90 
Time (hr) 
5.0 
1.0 
0.5 
0.5 
2.0 
Time (min) 
60 
60 
18 
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Another accelerated corrosion test used by the Department of Defense is GM 
9540P, which has been claimed by certain researchers to provide more realistic 
accelerated conditions than of ASTM Bl 17 33. The GM 9540P test solution contains 0.9 
wt% NaCl, 0.1 wt% calcium chloride (CaCb), and 0.25 wt% sodium bicarbonate 
(NaHC03) 33. Table 8 outlines the 18 cycles employed in the GM 9540P test 33. 
Table 8 
ASTM GM 9540P Cyclic Test Intervals 33 
Interval Description Time (min) Temp (±3°C) 
1 Ramp to Mist 15 25 
2 Mist 1 25 
3 Dry 15 30 
Repeat Steps (1-3) 3 more times 
13 Ramp to Humidity 15 49 
14 Humidity 480 49 
15 Ramp to Dry 15 60 
16 Dry 480 60 
17 Ramp to Ambient 15 25 
18 Ambient 480 25 
At best, these tests can aid the corrosion scientist as screening assessments to 
determine which coatings warrant additional investigation. Unfortunately, even 
screening tests require thousands of hours of exposure time before material performance 
for selected combinations of materials can be diminished to a manageable set of 
materials that may or may not prove effective in the lowest possible corrosion rates 
and/or increasing service lives in corrosive environments. Matzdorf and Nickerson 
screened 45 primer-topcoat system combinations comparing results from B 117 neutral 
salt fog, G85 Annex 4 S02, GM 9540P cyclic corrosion test, and beachfront natural 
weathering (Table 9) 34. After exposing their samples for up to 3000 hours (125 days), 
Matzdorf and Nickerson had only obtained six exposure data points for each test. 
Table 9 
Matzdorf-Nickerson Test Protocols 34,35 
ASTM 
Bl 17 
G85 
GMW9540 
Beach front 
Test Interval (hr) 
500 
168 
480 
4 months 
Total Test Time (hr) 
3000 
1008 
2880 
5 years 
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Compared to the five years it took Matzdorf and Nickerson to collect their 
beachfront data, 3,000 hours seems inconsequential. However, four months to collect 
six data points may not appear like accelerated testing, assuming that multiple salt fog 
chambers were used to run these tests. IfMatzdorf and Nickerson only had one test 
chamber, it would have taken them over 290 days to conduct all their accelerated 
weathering tests, and even longer if the chambers were not large enough to hold all their 
samples at the same time. Increasingly difficult are the management of data and data 
sets from varying instruments and testing protocols across larger data sets without 
sacrificing the resulting importance and reliability of the data and data interpretation. 
21 
Considering that the largest Q-Fog Cyclic Corrosion Tester can only hold 240 3" 
x 6" samples 28, one can only test 40 different primer-topcoat combinations at a time. 
Only four months' worth of data (six data points per combination) can be collected. 
This does not seem to be an overwhelming time commitment if one is only interested in 
evaluating a single accelerated test. However, once additional tests are required, the 
time it takes to evaluate the hundreds of coating combinations increases swiftly. 
Corrosion Evaluation and Detection Techniques 
Samples subjected to accelerated corrosion testing are evaluated via different 
techniques to determine how well they performed. Fosgren states that the three main 
pieces of corrosion "evidence" to look for are direct and indirect signs of corrosion and 
coating degradation 16• 
Direct signs of corrosion are evidenced as blisters, cracking, flaking, rust 
intensity, and creep from the scribe (undercutting). Blisters, cracking, flaking, and rust 
intensity are often measured following ASTM D610 36. This protocol has the user 
compare lab samples to standard images with varying degrees of corrosion and only 
allows for a qualitative evaluation of the data. Undercutting is measured using ASTM 
D7087, which standardizes the measurement of corrosion creep from the scribe 37 . 
Indirect evidence of corrosion pertain to changes in the system that cannot be 
seen without the aid of submicroscopic techniques, such as chemical changes to the 
backbone, electrochemical changes in the coating, an increase or decrease in molecular 
weight, etc. Electrochemical impedance spectroscopy (EIS) and scanning Kelvin probe 
(SKP) are employed to monitor electrochemical changes in the coating-substrate system. 
Changes in chemical structure can be determined using Fourier transform infrared 
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(FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). Thermoplastics can 
be analyzed via nuclear magnetic resonance (NMR) spectroscopy while thermosets can 
be analyzed via solid state NMR. Surface morphology of the coating can be measured 
via either scanning electron microscopy (SEM) or atomic force microscopy (AFM). 
Some of the techniques employed to indirectly determine corrosion such as 
FTIR, XPS, and NMR, can suggest the onset or occurrence of coating degradation 
through the detection of newly formed functional groups, the presence of new atoms or 
the migration of species within the coating. Other tests can also be conducted to 
determine how submicroscopic changes affect the coating performance, if at all. Several 
ASTMs are designed to measure mechanical and physical properties of the coating. 
Some of these mechanical tests focus on the coating's flexibility, such as D522, D2370, 
D2794, and D4145; others measure hardness: Dl474, D2134, and D3363; and some 
evaluate its adhesion abilities: D3359, D4541, and D5179. There are several tests that 
concentrate on the aesthetic properties of the organic coating: D523, D3928, D5767, and 
E3 l 3 to name a few. 
Loss of adhesion is a very important coating-substrate property that needs to be 
monitored as poorly adhering coatings are more likely to fail catastrophically in service. 
A popular test method for adhesion measurement is ASTM D3359 38. This test is 
conducted by inducing either an X-cut or crosshatch pattern into the coating and 
employing a semitransparent pressure-sensitive tape to pull off the damaged coating. 
The results are then compared to standardized images providing a grade for the coating 
adhesion, based on the percentage of coating still adhering to the substrate. Table 10 
outlines additional tests that can be performed to determine the extent of coating 
degradation 2• 
Table 10 
Corrosion Evaluation Methods 2•39 
Observation or Alloys and Thermoplastic Thermosetting 
measurement metals resins resms 
Loss in thickness Yes No No 
% weight change Rarely used Yes Yes 
Permeation Special gasses Yes Yes 
Change in Hardness Relatively few Yes Yes 
Dimensional changes Yes (1 osses) Yes Yes 
Tensile properties Special case Yes Generally no 
Compressive properties Special case Generally no Yes 
Flexural properties Special case Generally no Yes 
Elongation No Yes No 
Appearance change Yes Yes Yes 
Surface attack Yes Yes Yes 
Laminar-wall attack Yes Yes Yes 
Color Yes Yes Yes 
Deleterious effects to Yes Yes Yes 
environment 
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CHAPTER IV 
FLUORECENT PROBES FOR EARLY DETECTION OF CORROSION EVENTS 
Fluorescein 
The use of fluorescent molecular probes is common within biochemical fields of 
study to track changes within a system, such as temperature, ion diffusion and pH. 
Given that the corrosion of aluminum produces an alkaline environment at the coating-
substrate interface, a pH sensitive probe ought to be able to detect this increase in pH. If 
this environmental change can be detected through fluorescence, early corrosion events 
can be monitored and quantified through an in situ in-service and non-destructive test. 
Fluorescein is a molecular probe that changes fluorescence with a change in pH, 
and its molecular structure is shown in Figure 6. As the pH within the system increases, 
the fluorescence intensity of fluorescein also increases (Figure 7). The opposite is also 
true, low pH = lower fluorescence emission intensity. The sensory mechanism is 
facilitated through the conversion of the neutral or lactone configuration to the 
mono/dianionic configuration consisting of phenolic and carboxylic acid groups in its 
structure. Upon exposure to elevated pH, fluorescein has an absorption maximum of 
494 run and an emission maximum of 521 run in water. However, this is not a constant 
in other media, e.g., in solid state polymers or unevenly swollen polymeric materials 
near an aluminum substrate. The strongest pH response for fluorescein occurs in the 
alkaline pH range, which makes it useful when detecting changes above neutral, such as 
the corrosion of aluminum substrates. 
HO 
Figure 6. Molecular structure of fluorescein 
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Figure 7. The pH-dependent spectra of fluorescein in aqueous solutions of various pH: 
A) absorption spectra, B) emission spectra 1• 
Several researchers have established that fluorescein has several ionic equilibria 
(Figure 8) contingent on the environment pH that manifests into multiple absorption and 
fl h . F. 7 4041424344 Fl . . . d .. uorescence spectra ass own m 1gure · · · ' . uorescem retams its tamon 
conformation in aqueous solutions above pH 9. As fluorescein acidifies, the phenol 
group protonates to assume its monoanion form and further acidification produces the 
neutral conformation with the protonation of the carboxylic acid. The neutral 
conformation is in equilibrium with the lactone form of fluorescein, both of which occur 
at a pH slightly below neutral. As the environment becomes more acidic, fluorescein 
can form its cation below pH 4 1• Fluorescein's multiple conformations result in its pH 
dependent absorption spectra 1• 
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Figure 8. Ionization Equilibria of Fluorescein 1 
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cation 
However, fluorescein does present a few limitations. Firstly, intracellular 
behavior shows a higher rate of photobleaching compared to fluorophores with similar 
absorption maxima (Figure 9) 45. Although the bleaching process has been shown to 
occur in solution, it is not known whether fluorescein would photobleach as quickly 
when confined/bound/trapped within a polymer matrix. Additionally, the experiment 
summarized in Figure 9 involved prolonged exposure periods of five minutes to a high 
intensity laser. Fluorescence studies of fluorescein in polymer films is accomplished in 
a much shorter time as it only takes a fraction of a second to collect one data point in the 
Tecan Infinite® Ml 000 plate reader. For the purpose of a pre-screening process for 
corrosion testing, fluorescein is believed to be sufficient for procedures involving 
fluorometric spectroscopy. Preliminary testing of fluorescein in Eponol at 0.05 wt% 
loading did not show any significant detectable change in fluorescein 's fluorescence 
intensity values after 69 hours of constant measurement on the Tecan Infinite Ml 000 
plate reader (gain = 100, bandwidth= 5 nm, excitation1 = 458 nm and emission1 = 527 
nm, excitation2 = 458 nm and emission2 = 579 nm). 
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Figure 9. Photobleaching resistance of the green-fluorescent Alexa Fluor® 488, Oregon 
Green® 488, and fluorescein dyes, as determined by laser-scanning cytometry. EL4 
cells were labeled with biotin-conjugated anti-CD44 antibody and detected by Alexa 
Fluor® 488, Oregon Green® 488, or fluorescein streptavidin. The cells were then fixed 
in 1 % paraformaldehyde, washed, and wet-mounted. After mounting, cells were 
scanned 10 times on a laser-scanning cytometer; laser power levels were 25m W for the 
488 nm spectral line of the argon-ion laser. Scan durations were approximately five 
minutes apiece, and each repetition was started immediately after completion of the 
previous scan. Data are expressed as percentages derived from the mean fluorescence 
intensity (MFI) of each scan divided by the MFI of the first scan 1• 
Fluorescein' s pH sensitivity is significantly reduced below pH 7 46, while 
fluorescein no longer increases in intensity above pH 9 1• However, the proposed 
corrosion detection technique is based on the alkaline environment found outside each 
pit. Therefore, a reduction in pH sensitivity below neutral is not expected to pose any 
problems. Additionally, an intensity ceiling at pH 9 still allows fluorescein to identify 
areas of increased pH when the starting pH environment is near neutral. 
Lewis and coworkers reported that fluorescein will self-quench when above 
micromolar concentration levels 47• This phenomenon is also known as static quenching 
and is caused by aggregation of the fluorophore molecules. Initial studies were aimed at 
determining the optimal loading density within the polymeric coating 48. By choosing a 
loading density below the self-quenching concentration, static quenching can be 
avoided. 
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The study summarized in Figure 10 utilized Eponol-53-BH-35 (Eponol®), a 
Momentive™ product, which is a diglycidyl ether ofbisphenol-A (DGEBA) based lk 
epoxy, packaged as a resin in 75:25 wt% ratio methyl ethyl ketone (MEK) and 
propylene glycol methyl ether (PGME), respectively (Figure 11). The appropriate 
amount of fluorescein was added to 100 g wet Eponol to formulate each coating 
concentration (Table 11 ). The polymer thin films were produced by application of 
liquid mixtures using a standardized application drawn down at three wet mils, which 
resulted in dry thickness of one mil. Coated panels were kept at ambient STP for two 
days to allow for solvent evaporation and were placed in a 60 °C oven for 15 minutes. 
Fluorescence intensities were measured using a Tecan Saphire® plate reader (gain = 100, 
bandwidth = 2.5 nm, excitation= 494 nm, emission= 529 nm). Each reported sample 
average and standard deviation were calculated using 45 data points. A loading of 0.05 
wt% fluorescein into the dry coating was determined to be high enough to show changes 
in fluorescence intensity, yet low enough to avoid self-quenching. This loading density 
translates to approximately 1.5 µmol fluorescein per gram of dry coating. 
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Figure 10. Percent loading study of fluorescein in Eponol 48 . 
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Figure 11. Molecular structure of Eponol. 
Table 11 
Percent Loading of Fluorescein in Eponol 
Fluorescein in Eponol Average 
mol wt% Fluorescence Intensity 
0 0 1 
0.15 0.0001 1 
1.05 0.001 17 
10.5 0.01 292 
105 0.1 925 
1050 1 464 
1050 
(1%) 
Standard 
Deviation 
1 
1 
3 
16 
40 
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RhodamineB 
It has been shown in the literature that small molecules are capable of moving in, 
d · h. h 1 · · h f 49 50 51 52 s· fl . . out an wit m t e po ymer matnx m t e presence o water ' ' ' . mce uorescem 1s 
a relatively small molecule and its fluorescence intensity is concentration dependent, a 
compatible, non-pH sensitive probe was desired to act as an internal control for 
quantification of each probe and to differentiate between concentration and pH changes 
occurring during exposure for the fluorescein-Eponol coating. The second fluorescent 
probe could help confirm or refute the mobility of fluorescein within the dry film when 
submerged in aqueous solutions. 
Rhodamine B is a non-pH sensitive probe compatible with fluorescein (Figure 
12). The two probes are often used in conjunction with one another to confirm 
concentration retention of fluorescein in environments where pH changes may be a 
concern. Fluorescein concentration via rhodamine B can be determined due to a 
phenomenon called fluorescence resonance energy transfer (FRET). 
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Figure 12. Molecular structure of rhodamine B. 
Fluorescence Resonance Energy Transfer (FRET) Pairs 
Typically used in biological applications, fluorescence resonance energy transfer 
(FRET) is a useful tool for studying changes that occur when molecules are in close 
proximity to one another 53,54,55,56,57. FRET is a distance-dependent interaction between 
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the excited electrons of two dye molecules 1• Excitation is transferred from a donor 
molecule to an acceptor molecule, where by the transfer of energy occurs without the 
emission of photons 1• Efficiency of the FRET pair is dependent on the distance 
between the molecules to the inverse sixth power (Equation 4-1) 58 . The Forster radius 
(Ro) is defined as the distance at which 50% of the excited donors are deactivated by 
FRET, i.e., energy transfer between donor and acceptor is 50% efficient 1• 
Eqn. 4-1 
where K2 is the dipole orientation factor, QY O refers to the quantum yield of the donor in 
the absence of the acceptor, n is the refractive index and J(11.) is the spectral overlap 
integral (Figure 13). J(11.) can be calculated using Equation 4-2 
Eqn. 4-2 
where €A is the extinction coefficient of the acceptor molecule and F0 refers to the 
fluorescence emission intensity of the donor molecule as a fraction of the total integrated 
intensity. Table 12 li sts some commonly used FRET pairs and their Forster radius 
values. 
Donor 
fluorescence 
J(A) Acceptor 
abs,orption 
Wavelength (A) 
Figure 13. Representation of the FRET spectral overlap integral 1• 
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Table 12 
Typical Values of Ro 1•59 
Donor Acceptor Ro (A) 
Fluorescein Rhodamine B 55 
IAEDANS Fluorescein 46 
EDANS Dabcyl 33 
Fluorescein Fluorescein 44 
BODIPYFL BODIPY FL 57 
Fluorescein QSY 7 and QSY 9 dyes 61 
According to the values reported in Table 12, fluorescein and rhodamine B 
satisfy the distance dependent requirement for FRET pair compatibility since their 
Forster radius is between 10 - 1 OOA. Often seen as a drawback, fluorescein has a broad 
emission spectrum. The breadth of fluorescein's emission spectrum overlaps rhodamine 
B's absorption spectrum, which is one requirement for FRET pair compatibility (Figure 
14). The second FRET prerequisite is a dependence on the distance between the two 
probes. The maximum distance between a fluorescein molecule and rhodamine B 
molecule that will allow for at least 50% energy transfer between the two is 
approximately 55A. 
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Figure 14. Fluorescein emission (solid) and rhodamine B absorption (dashed) spectra. 
A 1 OµM aqueous solution was made of each fluorescent probe. Solutions were tested on 
a Tecan Infinite MIOOO plate reader with gain = 75, bandwidth = 5 nm. 
Fluorescence Resonance Energy Transfer (FRET) in Film 
To confirm that fluorescein and rhodamine B still act as a FRET pair within the 
dry film, Eponol-based coatings were prepared containing four loading levels of the two 
probes, three of which were based on 0.05 wt% fluorescein in dry coating and one 
containing no fluorescent probes. The loading levels used for each coating system are 
shown in Table 13. 
Table 13 
Percent Loading of Probes in Dry Eponol 
Coating 
A 
B 
Fluorescein 
(wt%) 
0.05% 
0.05% 
Rhodamine B 
(wt%) 
0.00% 
0.08% 
Molar Ratio 
(Fluor:Rhod B) 
1 :0 
1: 1 
Table 13 ( continued). 
Coating 
C 
D 
Fluorescein 
(wt%) 
0.05% 
0.00% 
Rhodamine B 
(wt%) 
0.04% 
0.08% 
Molar Ratio 
(Fluor:Rhod B) 
1 :0.5 
0:1 
To prepare each coating, the appropriate amount of probe was weighed and 
added to 
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100 g ofEponol. Samples were mixed for two minutes at 1,700 rpm on a FlackTek 
SpeedMixer™. Aluminum 2024-T3 panels were washed with acetone and coatings 
were drawn down using a drawdown applicator at a wet film thickness of three mils, 
which produced dry films approximately one mil thick. The panels were allowed to dry 
for seven days at ambient and then annealed in an oven at 75 °C for 24 hours. 
Once cooled, panels were cut to fit within a Nunc™ Omni-tray uniwell plate for 
fluorescence measurements, which provided 340 data points per panel per sampling 
cycle. Uncoated portions of the panels were covered using a polyester tape with silicone 
adhesive backing to avoid side and backside corrosion and were secured into position. 
To conduct 
3-dimensional excitation-emission scans, one random point from each panel was chosen 
for testing (Figure 15). Excitation wavelengths tested were 450 - 550 nm at 2nm steps, 
and emission wavelengths tested were 460 - 650 nm at 2nm steps (Figure 16). 
Excitation Wavelength (nm) 
Figure 15. Three-dimensional excitation-emission testing. 
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Figure 16. Excitation and emission wavelength optimization of fluorescein and 
rhodamine B. (a) 0.05 wt% fluorescein in dry Eponol, (b) 0.08 wt% rhodamine Bin dry 
Eponol, (c) 1 :1 molar ratio of fluorescein (0.05 wt%) and rhodamine B (0.08 wt%) in 
dry Eponol, (d) 1 :0.5 molar ratio of fluorescein (0.05 wt%) and rhodamine B (0.04 wt%) 
in dry Eponol, (e) Eponol without probes. The pink dot highlights the optimal 
excitation-emission wavelengths of rhodamine B, while the white dot highlights the 
optimal excitation-emission wavelengths of fluorescein. 
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The wide, red band observed in Figure 16e is an artifact produced when the 
excitation and emission wavelengths are narrowly separated, usually when they are 
within 10 - 15 nm of one another. These artificially high intensities are reported 
because the excitation wavelength energy oversaturates the instrument when it attempts 
to measure the emission wavelength energy. Therefore, the high fluorescence intensity 
band observed in Figure 16e is not a true response from the film. The butterfly pattern 
depicted in all images of Figure 16 was observed in subsequent coating systems that 
included other polymer binders, both with and without fluorescent probes. Therefore, 
this pattern is an artifact of the instrument and not the result of auto-fluorescence from 
the coating nor the fluorescent probes added to it. 
The white and pink dots in Figure 16 highlight the optimal excitation and 
emission wavelength pairings of fluorescein and rhodamine B, respectively. 
Fluorescein's optimal excitation wavelength in Eponol is reported as 508 nm and its 
optimal emission wavelength is 524 nm (FF). Rhodamine B's optimal excitation and 
emission wavelengths (RR) are 534 nm and 578 nm, respectively. In Figure 16a, RR is 
not found within the fluorescence region of fluorescein, and Figure 16b indicates that FF 
is positioned outside the fluorescence region of rhodamine B. This indicates that if 
fluorescein is excited and observed at its respective emission wavelength, all emission 
energy measured is due to that molecular probe only. The same can be said for the 
excitation and emission of rhodamine B. 
When these probes are included in the same film, Figures 16c and 16d indicate 
that fluorescein 's response is dampened while rhodamine B's response is strengthened, 
indicating FRET behavior. The preservation of FRET behavior is further supported by 
the molar ratios of the fluorescein and rhodamine B molecules. The decreased 
concentration ofrhodamine artificially simulates a separation of the two molecules. 
FRET signals an increase in distance between the molecules by an increased response 
from fluorescein and a decreased response from rhodamine. This confirms that 
fluorescein and rhodamine B retain their FRET abilities within the film. 
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CHAPTER V 
DESIGN OF EXPERIMENTS: ACCELERATED REAL WORLD CONDITIONS 
USING ASTM GM 14872 
Coating Preparation and Application 
Preparation of Probe-containing Coatings 
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The varying polymer based coatings to be tested were split into two groups with 
the first group containing the following resin systems: Eponol®, a 2K epoxy-amine 
coating (P5), Permax® 805, and a polyurethane dispersion (PUD). The 2K epoxy-amine 
coating was based on the epoxy resins Epon® 1007-CT-55 and Epon 1001-B-80 with the 
curing agent, Epicure 3292-FX-60, all of which are Momentive™ products. Epon 1007-
CT-55 is supplied in a methyl isobutyl ketone/toluene blend at 55% solids while Epon 
1001-B-80 is supplied in methyl ethyl ketone at 80% solids (Figure 17). The Epicure 
crosslinker is a polyethylene polyamine adduct in xylenes (Figure 18). Permax 805 is a 
polyvinylidene chloride (PV dC) acrylate copolymer supplied by Lubrizol (Figures 19 
and 20). The PUD employed in this study was NeoRez R-2190®, a DSM NeoResins, 
Inc. product, which is a self-crosslinking, waterborne, aliphatic urethane (Figure 21 ). 
;<J 
0 
£>-I 
0 
Figure 17. Molecular structure of diglycidyl ether of bisphenol-A (DGEBA). 
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Figure 18. Molecular structure of Epicure 3292. 
Figure 19. Molecular structure ofvinylidene chloride monomer. 
Figure 20. Molecular structure of a generic acrylate monomer. 
Figure 21. Molecular structure of a generic aliphatic polyurethane. 
Sample set two consisted of Eponol (standard), polyurethane (PU) and 
polyurethane-urea (PUU) coating systems. The PU and PUU coatings were made using 
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Sherwin Williams™ Diamond-Clad® Urethane Clear Coat, which is a 2K polyurethane 
system incorporating a "medium aromatic hydrocarbon solvent", hexamethylene 
diisocyanate (HDI), with dibutyltin dilaurate as a catalyst (Figures 22, 23, 24). Eponol 
and Permax® 805 were used as is, and all other coatings were formulated to be clear 
coats. Table 14 shows the breakdown of each sample set and the amount of fluorescent 
probes added to each system. 
R'-tOH 
H0f-R2 
Figure 22. Molecular structure of a generic aromatic hydrocarbon. 
N 
~o /,;c 
Figure 23. Molecular structure of hexamethylene di isocyanate (HDI). 
Figure 24. Molecular structure of dibutyltin dilaurate. 
Table 14 
Sample Set Breakdown and Percent Fluorescent Probe Loading 
Set Coating 
1 Eponol 
PS 
Permax 
85 
PUD 
2 Eponol 
PU 
PUU 
Type 
lk epoxy 
2k epoxy 
Polyvinylidene 
chloride 
polyurethane 
dispersion 
lk epoxy 
polyurethane 
polyurethane 
urea 
Wet 
(g) 
100 
100 
100 
100 
100 
100 
100 
Dry 
(g) 
35.0 
47.7 
57.0 
33.2 
35.0 
73.l 
76.5 
Fluorescein 
(g) 
0.0175 
0.0239 
0.0285 
0.0166 
0.0175 
0.0366 
0.0383 
t Amounts added were ±0.0003g at a I: I molar ratio between the fluorescent probes. 
Rhodarnine B 
(g) 
0.0282 
0.0382 
0.0456 
0.0266 
0.0282 
0.0585 
0.0612 
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Fluorescein was added to each system at 0.05 wt% in the dry coating, and 
rhodamine B was added as a 1: 1 molar ratio to fluorescein. The molecular weights of 
fluorescein and rhodamine Bare 332.31 g/mol and 479.02 g/mol, respectively. 
Therefore, the rhodamine B concentration was calculated to be 0.08 wt% in the dry film. 
The molecular probes were weighed out separately and then added to the respective 
coatings. All probe-containing systems were mixed for at least two minutes at 1,700 
rpm using a FlackTek SpeedMixer™. The systems were thoroughly mixed to ensure 
complete dispersion of the probes into the coatings and checked visually for turbidity. 
Probe-free samples of each coating system were also prepared for control comparisons. 
The PU coating was made using the standard specifications of the commercial 
coating. The PUU coating was formulated by over indexing component B, which 
contained the HDI, by 200% and partially cured in open for approximately 20 minutes 
before casting. The method permitted the HDI to react using atmospheric water and 
generated primary amines that then reacted with other isocyanate functional groups to 
form urea linkages throughout the network (Figure 25). 
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N c'l0 C'l ~N'l +2H20~ H2N~NH2 +2C02 o'l 
Figure 25. Reaction between Hexamethylene Diisocyanate and Atmospheric Water 
Preparation and Coating of Substrates 
All coatings were evaluated on aluminum 2024-T3 test panels. The substrate 
was selected due to the abundance of relevant and similar data using aluminum 
substrates within the research group. Panels were cleaned via acetone wash oxidation 
products were removed by cleaning with California Custom® Hi-tech Aluminum 
Deoxidizer. The panels were then pretreated with Aircraft Spruce PreKote© surface 
pretreatment according to the manufacturer's instructions. Each coating was applied 
using a drawdown bar such that dry thicknesses of approximately one mil were obtained 
and were measured using a Delfelsko PosiTector® 6000 thickness gage. Three 1 O" x 3" 
aluminum panels were prepared for each coating. The sample from each coating system 
that contained the least amount of defects, such as dust, air bubbles and inconsistent 
thickness, was chosen for further testing. 
Free films of each coating system were cast onto polymer substrates for water 
vapor transmission (WVT) and water equilibrium content (WEC) testing. 
Polypropylene sheets were cleaned with acetone and films were cast using a manual 
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drawdown to yield dry film thicknesses of approximately one mil. The Permax 805 was 
found to be incapable of forming continuous films without additives and was dropped 
from the study for this reason. 
All samples from sample set 1 and Eponol coatings from sample set 2 were dried 
at ambient for seven days to allow ambient annealing and a majority of solvent 
evaporation to occur in advance of thermal treatments. The panels were then placed in 
the oven for 24 hours at 75°C for annealing and to ensure the evaporation of residual 
solvent before testing. This temperature was chosen as it is above the T g for most of the 
materials and facilitates maximum adhesion. The PU and PUU panels from sample set 2 
were dried at ambient for eight days before testing (seven days is common for aerospace 
and automotive 2K urethanes and/or ureas). 
Exposure Testing: ASTM GM 14872 
Panels containing the dried coatings were cut to approximately 3" x 5", and all 
uncoated areas were sealed using a polyester tape with silicone adhesive backing to 
prevent corrosion from the back or sides of each substrate coating combination. Smaller 
samples, approximately 3" x 2.5", were cut to fit into a Nunc™ Omni-tray uniwell plate 
for fluorescence measurements, and all uncoated areas were sealed utilizing a polyester 
tape with silicone adhesive backing. The sample size allowed for the collection of more 
than 300 data points per panel during each fluorescence scan. The panels were then 
secured into position to preserve sample placement for point-to-point data comparison. 
The sealed 3" x 5" panels were placed inside a Q-Fog Cyclic Corrosion Tester 
and evaluated via ASTM GM 14872 at 10 day intervals. This ASTM is similar to GM 
9540P in intervals and durations (Table 15) but differs in the salt composition solution 
(Table 16). 
Table 15 
ASTM GM 9540P and GM 14872 Testing Intervals 
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Interval Description Time (min) Temp (±3°C) 
1 Ramp to Mist 
2 Mist 
3 Dry 
Repeat Steps (1-3) 3 more times 
13 Ramp to Humidity 
14 Humidity 
15 Ramp to Dry 
16 Dry 
17 Ramp to Ambient 
18 Ambient 
Table 16 
ASTM GM 9540P and GM 14872 Test Solutions 
Test 
GM 9540P 
GM 14872 
NaCl (wt%) 
0.9 
0.9 
CaCb (wt%) 
0.1 
0.1 
15 
1 
15 
15 
480 
15 
480 
15 
480 
25 
25 
30 
49 
49 
60 
60 
25 
25 
NaHC03 (wt%) 
0.25 
0.075 
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Water Vapor Transmission 
A modified version of ASTM D1653, method B, condition C, Water Vapor 
Transmission of Organic Coating Films, was followed to determine the WVT rates for 
the five films with Eponol used as the standard for comparison in sample set 1 (P5, 
PUD) and sample set 2 (PU, PUU). Free films, in triplicate, were cut to fit Teflon® 
WVT cups, which were designed to have an opening of 9.62 cm2 60• The dry cups and 
films were weighed separately prior to the addition of deionized (DI) water. 
Approximately 10 g of DI water was added to each WVT cup (actual water weight was 
recorded), films were put into place, a Teflon® washer was added and the top ring was 
tightened down to ensure a complete seal between the cup and the film. The full starting 
weight was measured to the nearest 0.0001 g and recorded along with the starting time 
of the test. The WVT cups were placed inside a desiccator containing desiccant at 
ambient temperature and weighed every 24-72 hours for a duration of three weeks and 
until the data had clearly stabilized indicating the establishment of a uniform rate for 
WVT. 
Water vapor transmission rates were calculated using Equation 5-1. 
WVT = (G x F)/(A x t) Equation 5-1 
where G - weight loss in grams (g), F - average film thickness in mils, A - area of 
exposed film in cm2, and t - time in hours (h). This equation is a modification of the 
equation used in D1653 in that it accounts for the average film thickness. Figure 26 
depicts the WVT data of each coating system normalized to coating thickness, while 
Table 17 shows the calculated WVT rates and correlation values of the respective films. 
Normalized Water Vapor Transmission Data 
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Figure 26. Water vapor transmission data of the tested coating systems. Probe-
containing (P) and probe-free (N) coatings from sample sets 1 and 1 are shown. The 
solids-to-solids probe total weight percent was 0.05% and 0.08% for fluorescein and 
rhodamine B, respectively. 
Table 17 
Water Vapor Transmission Rates of the Tested Coating Systems 
Coating WVT (xl0-4) (g*mil/cm2*hr) R2 
No Probe Probe No Probe Probe 
PS 0.910 0.418 0.9987 0.9998 
Eponol 1 0.924 0.868 0.9824 0.9998 
Eponol2 1.230 0.886 0.9981 0.9989 
PUU 5.010 2.310 0.9992 0.9980 
PU 4.150 4.580 0.9982 0.9977 
PUD 2.920 4.910 0.9992 0.9997 
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The WVT data from Table 17 show that in all cases except for the PU and PUD 
samples, the probe-containing coatings have a slower rate of WVT than their respective 
probe-free coatings. The PU samples, both with and without probe, have almost 
identical WVT rates, while the PUD samples containing fluorescent probes have a WVT 
rate that is 2.010x10·4 faster than that of the probe-free samples. With the maximum 
margins of error for the probe and non-probe PUD coatings being 5.10% and 15.17%, 
respectively, this is a statistically significant difference beyond the 100 hour mark. 
Weights of the films were measured before and after testing and differed by ±0.0002 g, 
which indicated no significant sign of water retention within the coatings. 
Water Equilibrium Content 
Free film samples were tested to determine the water equilibrium content (WEC) 
for each coating using a modification of ASTM D570 61 . Five 1.0 mil thick samples of 
each coating were cut into approximately 1" x 2" sections placed in an oven at 100°C for 
24 hours to remove any residual water. The coating samples were then cooled to 
ambient for one minute before recording their weights on a microbalance to the nearest 
0.0001 g. The coating samples were placed in a humidity chamber at 100% RH for one 
week. Subsequently, each coating sample was blotted dry to remove any moisture, 
weighed, and placed back into the humidity chamber for an additional 24 hours for 
equilibration. Figure 27 illustrates the average WEC for each coating system. The 
remaining free films for the probe-containing systems were very thin making them too 
fragile to cut to size without breaking. Therefore, WEC data were not obtained for these 
coatings. However, it is interesting to note that PUD showed the greatest with-probe 
WVT as well as greatest WEC. 
Average Percent Water Equilibrium 
.--
Q 
~6% +-- -------------------1 
e 
= 
·c 
,I:). 
= 4% +-----------------------
2.63% = r::1' 
~ 
i... 
a> 
~2% +-------------~ 
0% 
PU Eponol2 PS PUU Eponol 1 
Figu.re 2 7. Water equilibrium content of tested coating systems. 
PUD 
49 
Since the Eponol 2 data was more precise due to a smaller standard deviation, it 
was used for comparison purposes. The lK and 2K epoxy systems exhibited similar 
WEC values, which can be explained by their similar DGEBA based chemistries. The 
WEC of the PUU coatings was twice that of the PU samples, which was anticipated 
since PUU contains more polar urea and urethane groups in its backbone compared to 
PU, and was expected to result in a more hydrophilic film, naturally leading to higher 
water uptake. The PUD coating exhibited much higher WEC than the other coatings, 
and our data is similar to several broad studies on water uptake in organic coatings 
62,63,64,65 
Leaching Behavior of Fluorescent Probes 
Both fluorescein and rhodamine B were blended and thought to be freely mobile 
probes within each coating system; therefore, leaching was anticipated and expected to 
vary depending upon conditions and polymer type. To determine if any loss in 
fluorescence intensity could be attributed to a decrease in probe concentration, each 
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system was tested for leaching. Any leaching phenomena were determined by 
monitoring the change in fluorescence intensity of solution aliquots over time. Coated 
aluminum 2024-T3 panels of each coating system were cut to 2.3 x 2.3 cm2 mini-panels, 
allowing them to fit into a Greiner 6-well plate. Each mini-panel was protected from 
backside corrosion through the use of polyester tape with silicone adhesive backing, and 
the sides were protected from corrosion via paraffin wax. A mini-panel and 
5,000 µL of a potassium phosphate based pH 12 buffer were added to each well (Figure 
28). 
Figure 28. Six-well plate used to test for leaching: (a) Eponol, (b) PS, (c) PU, (d) PUD, 
(e) PUU, (f) blank solution. 
The mini-panels were immersed in the test solution for 21 days and 100 µL 
aliquots were periodically removed for testing. Fluorescence intensity was collected for 
each aliquot removed from its sample well using a Tecan Infinite® Ml 000 plate reader. 
Fluorescence data was collected using a gain of 150, bandwidth = 5 nm, excitationFF = 
508 nm and emissionFF = 524 nm (FF) (Figure 29 and Table 18), excitationRR = 534 nm 
and emissionRR = 578 nm (RR) (Figure 30 and Table 19),, excitationFR = 508 nm and 
emissionFR = 578 nm (FR) (Figure 31 and Table 20). 
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Figure 29. Normalized fluorescence intensities of leaching samples in potassium 
phosphate based pH 12 buffer, excitationFF = 508 nm and emissionFF = 524 nm (FF). 
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Figure 30. Normalized fluorescence intensities of leaching samples in potassium 
phosphate based pH 12 buffer, excitationRR = 534 nm and emissionRR = 578 nm (RR). 
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FR: Ex5080m, Em5780m in pH 12 Buffer 
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Figure 31. Normalized fluorescence intensities ofleaching samples in potassium 
phosphate based pH 12 buffer, excitationFR = 508 nm and emissionFR = 578 nm (FR). 
Table 18 
52 
Fluorescence Intensities and Normalized Percent Fluorescence Intensity Changes over 
time for ExcitationFF = 508 nm and EmissionFF = 524 nm (FF) 
RR: Fluorescence Intensity RR: Normalized% Change 
Days: 1 6 14 21 1 6 14 21 
Blank 175 183 97 73 0% 0% 0% 0% 
Ep 47 77 43 42 -73% -58% -56% -42% 
PS 60 99 55 54 -66% -46% -43% -26% 
PU 178 569 186 205 2% 211% 91% 181% 
PUD 280 313 308 525 60% 71% 216% 619% 
PUU 325 233 114 169 85% 28% 17% 132% 
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Table 19 
Fluorescence Intensities and Normalized Percent Fluorescence Intensity Changes over 
time for ExcitationRR = 534 nm and EmissionRR = 578 nm (RR) 
FR: Fluorescence Intensity 
Days: 1 6 14 21 
Blank 312 
Ep 34 
PS 749 
PU 1357 
PUD 1478 
PUU 1561 
Table 20 
222 
44 
787 
1131 
4832 
1250 
103 
38 
608 
726 
5914 
808 
49 
39 
437 
484 
3926 
612 
FR: Normalized% Change 
1 6 14 21 
0% 0% 0% 0% 
-89% -80% -63% -20% 
140% 254% 490% 798% 
335% 409% 605% 895% 
374% 2073% 5641% 7966% 
400% 462% 684% 1158% 
Fluorescence Intensities and Normalized Percent Fluorescence Intensity Changes over 
time for ExcitationFR = 508 nm and EmissionFR = 578 nm (FR) 
FF: Fluorescence Intensity 
Days: 1 6 14 21 
Blank 1123 
Ep 131 
PS 5254 
PU 9134 
756 
126 
5029 
6458 
331 
136 
3951 
4345 
157 
114 
2864 
2744 
FF: Normalized% Change 
1 6 14 21 
0% 0% 0% 0% 
-88% -83% -59% -27% 
368% 566% 1095% 1720% 
713% 755% 1214% 1644% 
PUD 
PUU 
9768 
9276 
32447 37348 23314 770% 4194% 11195% 14718% 
7836 4889 3335 726% 937% 1379% 2020% 
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The fluorescence data indicate that both probes are leaching from all of the 
urethane systems after 21 days of immersion. Fluorescence data for the P5 sample show 
an increase in FF intensity indicating that fluorescein has migrated out of the coating. 
This trend is confirmed in P5 's FR fluorescence data where a similar trend of increased 
intensity over time was also observed. After about two weeks of immersion, the FF 
fluorescence intensities of the PS aliquots were comparable to those of PU and PUU. 
The FF, FR, and RR data of the aliquots taken from the Eponol samples were all less 
than those of the blank solution, which indicated that fluorescein and rhodamine B 
remained within the coating matrix over the entire experimental period. If any probes 
are leaching from the Eponol sample, the amount is less than the detectable limits of the 
instrument, therefore, this loss would be negligible. 
These data established that Eponol was able to maintain consistent fluorescein 
and rhodamine B concentrations while P5 retained the rhodamine B probe and leached 
fluorescein. All the urethane-based coatings showed significant loss of both fluorescein 
and rhodamine B with the PUD coating being the worst followed by the PUU and finally 
the PU system. Comparing the networks of these five films, it is possible that 
crosslinking hinders the polymer' s ability to retain the fluorescent probes within the 
matrix. It also appears that the epoxy systems are better at retaining probes compared to 
the urethane coatings. 
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Mechanical Testing 
Three traditional ASTM mechanical tests, i.e., adhesion ( dry and wet) and pencil 
hardness, were conducted to determine the effects of GM 14872 on a few basic physical 
properties for the coatings. All the tests were performed on coated aluminum 2024-T3 
panels after the first 10 day corrosion cycle. 
Figure 31 shows the rating scale for adhesion testing for the pull-off test, while 
dry and wet adhesion data can be found in Tables 21 and 22, respectively. Apart from 
the exposed, with probe sample, all Eponol panels retained a SB dry adhesion rating, 
which is the highest score on the rating scale. The first Eponol set with probes did not 
retain its SB wet adhesion rating, losing up to 65% of its adhesion. PS's initial probe-
free dry adhesion rating was also a SB, but this dropped to a 3B or 4B in the presence of 
probes and after exposure to GM 14872. Similar behavior was observed after the wet 
adhesion test. Interestingly, both the wet and dry adhesion data show that the PS coating 
with probes exhibited improved adhesion after exposure. All the PUD samples 
maintained a SB rating for both dry and wet adhesion. Dry adhesion of the PU samples 
improved in the presence of probes from 2B to SB. However, exposure to the corrosion 
cycle dropped these ratings to OB and 2B, respectively. Wet adhesion testing showed 
.-
the same trend and ratings for the PU samples with the exception of the exposed sample 
with the probes ( dropped to OB). Addition of probes had the same effect on the PUU 
samples in that the pre-exposed dry adhesion ratings improved from 3B to SB. 
However, both probe and probe-free PUU samples dropped to 2B after exposure. A 
similar drop in adhesion after exposure was observed in the wet adhesion data. 
However, the probe and probe-free samples had a rating of 2B pre-exposure that 
dropped to OB and lB, respectively, post-exposure. 
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Figure 32. Adhesion rating scale for ASTM D3359 38. 
Table 21 
Dry Adhesion Data (NU: no probe, unexposed; NE: no probe, exposed; PU: probe, 
unexposed; PE: probe, exposed) 
Coating 
Eponol 1 
EponoI2 
PS 
No Probe 
Unexposed 
SB 
SB 
SB 
No Probe 
Exposed 
SB 
SB 
3B 
Probe 
Unexposed 
SB 
SB 
3B 
Probe 
Exposed 
3B 
SB 
4B 
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Table 21 ( continued). 
Coating No Probe No Probe Probe Probe 
Unexposed Exposed Unexposed Exposed 
PU 2B OB SB 2B 
PUD SB SB SB SB 
PUU 3B 2B SB 2B 
Table 22 
Wet Adhesion Data (NU: no probe, unexposed; NE: no probe, exposed; PU: probe, 
unexposed; PE: probe, exposed) 
Coating 
Eponol 1 
Eponol2 
P5 
PU 
PUD 
PUU 
No Probe 
Unexposed 
5B 
5B 
5B 
2B 
5B 
2B 
No Probe 
Exposed 
5B 
5B 
3B 
OB 
5B 
l B 
Probe 
Unexposed 
OB 
5B 
2B 
5B 
5B 
2B 
Probe 
Exposed 
lB 
5B 
4B 
OB 
5B 
OB 
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Figure 32 illustrates the pencil hardness scale for ASTM D3363 and Table 23 
shows the data associated with each coating. Eponol coatings from sample set 1 showed 
a minor drop in hardness from 6H to 5H with the addition of fluorescent probes, but 
both ratings dropped to a 4H after GM 14872 exposure. The second set of Eponol 
samples maintained a 6H rating with the addition of probes as well as after exposure 
testing. P5 samples also retained a 6H rating between probe and probe-free samples pre-
exposure. Analogous to the Eponol samples, the P5 coating hardness ratings dropped to 
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a 4H and 5H for the probe-free and probe samples, respectively. All the polyurethane 
coatings, both with and without probe, began with a hardness rating of 3H with the 
exception of PU with probe (2H). All hardness ratings dropped after corrosion testing, 
with PUD remaining the hardest, PUU slightly softer and PU dropping to a 2B rating. 
Harder 
6H 
'/1 
'"11...._ 
2H 
~ ~ 
F H8 
Figure 33. Pencil hardness scale (D3363) 66. 
Table 23 
Pencil Hardness Data 
Coating No Probe No Probe 
Unexposed Exposed 
Eponol 1 6H 4H 
Eponol2 6H 6H 
PS 6H 4H 
PU 3H 2B 
PUD 3H 2H 
PUU 3H HB 
Softer 
8 28 68 
Probe Probe 
Unexposed Exposed 
4H SH 
6H 6H 
6H SH 
2H 2B 
3H F 
3H HB 
The results of these two mechanical tests are not surprising considering that 
epoxies are more scratch resistant and harder than polyurethanes. It is interesting to 
note, however, that the relative scale between all three tests remained the same. Eponol 
coatings were the hardest and offered the best wet and dry adhesion with P5 coating 
system following close behind. Within the urethane coats, the general ranking was 
PUD, PUU, and PU from hardest to softest as well as least adhesion lost to most 
adhesion lost for both the dry and wet tests. 
59 
The difference in behavior of the coatings before and after the addition of probes 
varied widely between the coating systems. Although in-depth conclusions cannot be 
made with the data collected, it is suggested that an interaction between the polymer side 
changes and the probes have an influence on the behavior of the coatings. An additional 
suggestion is that a difference in the degree of rc-rc stacking between the probes and the 
polymer exists, which may be why the incorporation of probes have varying effects on 
the coatings. 
The difference in behavior of the coatings before and after the addition of probes 
varied widely between the coating systems. Although in-depth conclusions cannot be 
made with the data collected, it is suggested that an interaction between the polymer side 
changes and the probes have an influence on the behavior of the coatings. An additional 
suggestion is that a difference in the degree of rc-rc stacking between the probes and the 
polymer exists, which may be why the incorporation of probes have varying effects on 
the coatings. 
Fluorescence Spectroscopy 
Samples prepared for GM 14872 testing were measured for fluorescence 
intensity pre- and post-exposure for several 10 day corrosion cycles using a Tecan 
Infinite® Ml 000 plate reader (gain= 75, bandwidth = 5nm). A 3-dimensional (3D) 
excitation-emission wavelength scan was conducted on pre-exposed samples 
encompassing excitation wavelengths of 450-550 nm and emission wavelengths of 475-
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650 run. A single, random point on each panel was chosen for testing. Pre-exposure 
fluorescence data show that none of the coatings auto-fluoresce in the regions of interest 
(Figure 33). 
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Figure 34. Probe-free samples of: (a) Eponol, (b) PS, (c) PUD, (d) PU, and (e) PUU. 
The white and pink dots highlight the optimal excitation-emission wavelengths of 
fluorescein and rhodamine B, respectively. 
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Both pre- and post-exposure fluorescence spectroscopy analysis included FF, FR 
and RR excitation-emission wavelengths across the entire panel. This equated to 340 
and 320 data points for each coating in set one and two, respectively, allowing for a 
point-by-point analysis of the data. Fluorescence data for each point was collected in 
triplicate and statistically evaluated to 95% confidence. Analysis focused on three 
possible outcomes for each excitation-emission wavelength combination: intensity 
increase("+"), intensity decrease("-"), and no statistical change in intensity ("O"). 
Fluorescence intensity for each point along the panel was compared to itself after each 
corrosion cycle and graphed to show any before and after changes. Figure 35 breaks 
down each combination of outcomes into 27 scenarios along with suggested 
explanations as to what may be happening within the coating to achieve the specific 
circumstances. 
11 
12 
13 
14 
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Explanation 
No Changes in H, [ion], [fluor], OR [rhod] 
[ion] decrease 
[ion] increase+ pH decrease AND/OR [fluor] decrease 
[ion] increase+ pH increase+ [fluor] AND [rhod] decrease 
[ion] decrease AND/OR [rhod] decrease 
[ion] increase+ pH increase+ [fluor] decrease 
Unknown 
[ion] increase 
[ion] increase+ H decrease AND/OR [fluor] decrease 
pH decrease AND/OR [fluor] decrease 
[ion] decrease + pH decrease AND/OR [fluor] AND [rhod] 
decrease 
[ion] increase+ H decrease AND/OR [fluor] decrease 
Unknown 
[ion] increase+ H decrease AND/OR [fluor] decrease 
H increase AND [ fluor] decrease 
H increase + [rhod] decrease 
[ion] increase+ pH increase + [fluor] AND [rhod] decrease 
[ion] increase+ H increase + [fluor] decrease 
H increase + [ion] decrease AND/OR [rhod] decrease 
[ion] increase+ H increase+ [fluor] AND [rhod] decrease 
pH increase 
[ion] decrease+ pH increase 
[ion] increase + pH increase 
Figure 35. Scenario guide for fluorescence changes. [ion] = ion concentration, [fluor] = 
fluorescein concentration, [rhod] = rhodamine B concentration. 
At the end of the first 10 day corrosion cycle, Eponol showed no signs of 
intensity change in the FF response and regionally identical increases in the FR and RR 
responses (Figure 36). While this indicated that pH was unchanged, rhodamine B 
displayed increased fluorescence intensity. Wang and coworkers explored the mercuric 
(Hg2+) ion sensitivity of a rhodamine derivative, which suggested that rhodamine B may 
be responsive to ion fluctuations within a coating system 67• Kumar and coworkers 
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further supported this theory by their work on a different rhodamine derivative designed 
to detect cupric (Cu2+) ions 68. In both studies, an interaction with the ions increased the 
fluorescence intensity of the respective rhodamine derivatives. It is possible that an 
increase in the RR response was related to the influx of Na+ ions within the coating 
system. This may also be due to copper or other metallic ions from the aluminum alloy 
leaching into the coating and triggering a response from rhodamine B. 
Figure 36. Eponol Fluorescence Data (to vs. t1) 
By the end of the second 10 day corrosion cycle, the FF response had increased 
in local areas while the FR and RR responses remained unchanged relative to the end of 
the first corrosion cycle (Figure 37). This increased intensity indicates pH increase in 
these regions. A similar response was anticipated of the FR excitation-emission 
intensities, but the data did not match the expectations. It is hypothesized that, within 
the increased pH regions, the response from fluorescein is not strong enough to elicit a 
response of rhodamine B. Local pH could also increase with a slight migration of 
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rhodamine B out of these areas. Since these are opposing responses, they would negate 
one another and result in a lack of FR response. 
Figure 37. Eponol Fluorescence Data (t1 vs. t2) 
P5 's FF and FR responses after the first 10 day cycle set indicated no change in 
pH (Figure 38). However, there were local areas in the RR response that suggested a 
possible influx of ions into the coating. The second corrosion cycle did not show much 
activity in any of the excitation-emission responses (Figure 39). 
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Figure 38. P5 Fluorescence Data (to vs. t1) 
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Figure 39. P5 Fluorescence Data (t1 vs. t2) 
The PUD coating showed a strong FF and FR response with no RR response 
after the first corrosion cycle (Figure 40). This indicates increase in pH due to the 
increased FF and FR intensities and no major ion uptake to promote a response from 
rhodamine. After exposure to the second corrosion cycle, all fluorescent responses from 
the PUD system decreased (Figure 41 ). Based on the leaching data, it was suspected 
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that a significant loss of both fluorescein and rhodamine occurred during this exposure 
cycle. 
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Figure 40. PUD Fluorescence Data (to vs. t1) 
Figure 41. PUD Fluorescence Data (t1 vs. t2) 
For the PU system, all observed excitation-emission responses increased in 
fluorescence intensity at the end of the first 10 day corrosion cycle (Figure 42). 
However, after the second corrosion cycle, the intensities across the entire panel for all 
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three excitation-emission responses decreased (Figure 43). This is most likely due to 
fluorescein and rhodamine Bleaching out of the coating in significant quantities. This 
was supported by an observed lack of coating pigmentation from the fluorescent dyes. 
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Figure 42. PU Fluorescence Data (to vs. t 1) 
Figure 43. PU Fluorescence Data (t1 vs. t2) 
The PUU fluorescence data show a similar trend to the PU data in that the first 
10 day corrosion cycle induced an increase in the FF and FR response across the entire 
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panel, indicated an increase in pH (Figure 44). The heightened RR response also 
indicated an increase in ion uptake in approximately 50% of the panel. These 
similarities with the PU system continued at the end of the second 10 day corrosion 
cycle of GM 14872, where a decrease in all three fluorescent responses was observed 
(Figure 45). Coupled with the leaching data (Figures 29, 30, 31, Tables 18, 19, and 20), 
this decrease in signal is most likely due to a drop in fluorescein and rhodamine B 
concentrations within the coating. 
Figure 44. PUU Fluorescence Data (to vs. t1) 
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Figure 45. PUU Fluorescence Data (tt vs. t2) 
The five coatings can be divided into two subsets regarding their fluorescence 
behavior. No obvious similarities were noted between the IK and 2K epoxy coatings 
after the first 10 day corrosion cycle. However, their behavior following the second set 
of exposure was virtually identical with regards to the fluorescence response from 
fluorescein, which showed no significant change in intensity between t1 and ti for either 
coating. The fluorescence responses of the three urethane coatings are almost 
indistinguishable after the first and second 10 day cycles of GM 14872. 
While the Eponol coating retained its fluorescein and rhodamine B levels, the P5 
coating exhibited minor leaching of fluorescein. However, the three urethane coatings 
exhibited significant leaching of the fluorescent probes, and possibly an increased 
permeability to corrosive agents. Additionally, rhodamine B was not as passive as 
originally thought as it did not offer a good, secondary source to monitor fluctuations in 
fluorescence of the fluorescein probe. Identifying an internal standard for fluorescein 
would be vital for sustaining the use of fluorescein in corrosion research. However, 
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finding a pH sensitive probe that is less water soluble may be useful in a wider variety of 
coatings since leaching of non-water soluble probes would be kept at a minimum 
regardless of the coatings permeability, especially for prolonged testing exposures. 
CHAPTER VI 
ISOSBESTIC POINT OF FLUORESCEIN 
Isosbestic Point 
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The experiments conducted in Chapter 5 indicated that rhodamine B was not as 
inert as expected. However, by harnessing fluorescein' s isosbestic point at or near 460 
nm, the use of rhodamine B could be eliminated. If fluorescein retains its isosbestic 
point behavior within a polymer system, tracking the fluorescence behavior at this 
excitation wavelength could confirm whether changes in the system are due to pH 
fluctuations or fluorophore diffusion. 
An isosbestic point is a frequency, wavelength, or wavenumber upon which the 
sample' s molar absorptivity (E) does not vary during a chemical reaction or a physical 
change of the sample (Figure 46) 69. In chemical reactions that involve a 1: 1 molar ratio 
of reactant to product and where the two substances exhibit an isosbestic point, the 
absorbance of the reaction mixture at this wavelength remains unchanged independent 
of the extent of reaction or chemical equilibrium. An example of this is the interaction 
between oxyhaemoglobin and deoxyhaemoglobin, which express isosbestic points at 
590 nm and 800 nm. Although it is possible for other molar ratios or more than two 
species to contribute to an isosbestic point, it is unlikely to happen due to its rarity. 
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Figure 46. Spectra of the indicator bromothymol blue as a function of pH 70• 
An isosbestic point can also be observed for a single molecule that undergoes a 
conformation change due to variations in its environment. As Figure 46 has already 
shown, bromothymol blue contains an isosbestic point at 500 nm in various pH 
solutions. Other dyes that possess an isosbestic point include bromocresol green (515 
nm), potassium dichromate (339 and 445 nm), and Congo red (541 nm). Regardless of 
pH, therefore, fluorescein will exhibit the same absorbance at the excitation wavelength 
of 460 nm when in solution. Figure 4 7 highlights this region within the absorption 
spectra. 
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Figure 47. Isosbestic point of fluorescein absorbance spectra in various pH 
• I 
environments . 
Coating Application and Experimental Design 
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As discussed in Chapter 4, fluorescein behaves differently when in solution 
versus trapped within the polymer matrix. Therefore, a preliminary study was 
conducted to investigate whether fluorescein retained its isosbestic point in polymers. 
Eponol doped with 0.05 wt% fluorescein (on solids) was coated on aluminum 2024-T3 
panels via manual draw down to yield dry films approximately 1.0 mil in thickness. The 
coatings were dried at ambient for seven days before annealing at 75 °C for 24 hours. 
The coated aluminum panels were cut into nine 2.3 x 2.3 cm2 mini-panels, 
allowing them to fit into a Greiner 6-well plate. Each mini-panel was protected from 
backside corrosion through the use of polyester tape with silicone adhesive backing, and 
the sides were protected from corrosion via paraffin wax. Phosphate buffer solutions 
were employed to create three different pH environments, i.e., pH 2, 7 and 12. Three 
samples of coated substrate were immersed in the buffers for 48 hours prior to collecting 
fluorescence data to allow for the solutions to fully saturate the coatings. The samples 
were then retested after 72 hours of immersion to determine if any regions of interest 
found after 48 hours remained. 
Data Analysis 
74 
A 3D excitation-emission wavelength scan was conducted on each mini-panel 
encompassing excitation wavelengths of 400-500 nm and emission wavelengths of 500-
600 nm using a Tecan Infinite® Ml 000 plate reader (gain = 75, bandwidth = 5nm). 
Fluorescence intensity values were compared between the three pH solutions at each 
excitation-emission combination and statistically evaluated to a 95% confidence level. 
The experiment sought to find excitation-emission combinations where the fluorescence 
intensity between the various pH solutions showed no statistical change. The data was 
normalized to their respective molar concentrations based on individual average 
thickness measurements (Equation 6-1 ). 
Equation 6-1 
where F1 is the average fluorescence intensity at a particular excitation-emission 
wavelength combination and T is the average film thickness in mil. A simple repeated 
measures test was used to determine any statistical change in fluorescence between the 
pH buffers 
t = __.Xi - X2_ 
sx1;2 • ....f(2/n) 
Equation 6-2 
where X1 and X2 are the average fluorescence intensities from sets one and two, 
respectively, sx1x2 is the pooled standard deviation, and n is the number of participants 
in each group, which is three in this case. 
The calculated t values were compared to the tcn1-value at 2 degrees of freedom 
(n-1) and a.= 0.05 for a two tailed test. These parameters provide a tcricvalue of 4.3026, 
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and any excitation-emission wavelength combination that had at-value between ±4.3026 
was considered to have no statistical difference in average fluorescence intensity 
between the pH buffers. Table 24 displays a list of calculated t-values that fell between 
this tcrii-value at 48 hours of immersion as well as the corresponding t-values at 72hrs of 
. . 1mmers1on. 
Table 24 
Calculated t-test Values at Various Excitation-emission Wavelengths 
Excitation Emission 48 hour immersion t-values 72 hour immersion t-values 
(nm) (nm) (pH 2 (pH 7 (pH 12 (pH 2 (pH 7 (pH 12 
vs. 7) vs. 12) vs. 2) vs. 7) vs. 12) vs. 2) 
468 528 -3.46 3.89 -2.66 1.05 5.83 6.01 
469 524 -4.25 2.8 1 -0.37 3.14 5.30 10.15 
476 532 -1.68 3.59 -3 .11 2.10 13.74 50.29 
477 538 -1.43 3.54 -3.08 0.92 11.65 15.03 
477 542 -1.22 4.08 -3.54 0.22 9.75 11.54 
481 523 -3.77 3.57 -1.19 6.25 16.97 23.14 
481 525 -3.94 4.19 -2.62 4.42 9.86 15.10 
483 511 -4.02 4.03 1.83 2.76 11.11 11.92 
483 515 -4.28 1.34 2.83 3.96 13.25 14.48 
483 520 -3.83 2.66 0.42 5.04 10.68 13.47 
483 523 -4.25 4.24 -0.90 2.69 11.28 12.68 
484 511 -4.27 2.09 2.87 2.59 17.25 14.82 
484 523 -3.74 3.38 -0.28 5.72 11 .30 19.97 
485 518 -1.91 -0.27 1.58 3.39 23.54 24.24 
486 521 -3.40 2.12 1.45 3.29 28.74 24.61 
486 527 -3.95 3.46 -0.56 6.31 17.10 28.53 
486 532 -2.41 2.97 -1.98 2.99 13.64 26.90 
486 541 -2.26 3.34 -2.43 1.79 10.22 15.88 
487 53 1 -3.78 2.87 -0.70 2.69 7.33 9.60 
487 537 -4.26 4.19 -1.93 1.67 7.70 10.13 
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Table 24 ( continued). 
Excitation Emission 48 hour immersion t-values 72 hour immersion t-values 
(nm) (nm) (pH 2 (pH 7 (pH 12 (pH 2 (pH 7 (pH 12 
vs. 7) vs. 12) vs. 2) vs. 7) vs. 12) vs. 2) 
487 546 -2.90 3.87 -2.62 1.36 4.55 6.28 
487 562 -3.63 3.99 -2.72 3.26 3.94 8.11 
488 515 -3.97 0.16 3.11 5.18 23.57 17.94 
488 528 -3.29 2.90 -1.31 3.26 9.01 11.11 
489 541 -1.33 3.43 -3.09 0.49 5.84 6.91 
490 535 -2.95 2.93 -1.18 3.63 7.48 10.32 
491 527 -4.02 0.97 1.47 4.68 11.64 13.45 
491 532 -3.16 3.50 -1.73 10.15 9.55 12.66 
491 564 -3.25 4.25 -2.95 1.76 8.07 9.48 
493 540 -3.77 3.13 -1.13 3.08 11.21 13.63 
493 548 -3.89 3.48 -2.26 3.53 9.05 11.62 
493 552 -4.01 2.52 -0.28 5.10 9.93 12.27 
493 565 -3.97 2.83 -1.14 2.16 10.47 11.15 
494 563 -3 .70 3.55 -1.89 7.72 12.21 21.07 
496 535 -4.04 1.46 1.85 2.69 18.06 22.21 
No single excitation-emission wavelength proved to be statistically unchanged 
between 48 and 72 hours of immersion. However, wavelength combinations that had at 
least one t-value that fell between the tcri1-value or had two or more t-values that were 
less than or equal to 10 were chosen for further inquiry into this isosbestic point 
occurrence. Additionally, it was observed that emission wavelengths located too far 
from the emission peak would naturally show less change in fluorescence intensity 
(Figure 48). Therefore, emission wavelengths less than 520 nm and greater than 545 nm 
were dropped from the study. 
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Emission Spectra of 0.05 wto/o Fluorescein in Eponol 
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Figure 48. Emission spectra of 0.05wt% fluorescein in Eponol at various excitation 
wavelengths: 477 nm (black), 487 nm (red), 491 nm (cyan), and 493 nm (green). · 
Additional examination into this phenomenon was conducted via a modulation 
study that exposed fluorescein-Eponol samples to alternating solutions of 1.0 molar (M) 
hydrogen chloride (HCl) in 50:50 wt% DI water:Dimethylformamide (DMF) and 1.0 M 
sodium hydroxide (NaOH) in 50:50 wt% DI water:DMF (Figure 48). The samples were 
initially immersed in the HCl solution for 24 hours, patted dry, and fluorescence data 
was collected using a Tecan Infinite® Ml 000 plate reader (gain= 75, bandwidth = 5nm). 
After data collection, the samples were immersed in the NaOH solution for 24 hours, 
and the process was repeated. Observations focused on the excitation-emission 
wavelength combinations that showed promise in the original isosbestic study, which 
can be found in Table 25. 
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Table 25 
Excitation-emission Wavelength Combinations for Acid-base Modulation Study 
Label Excitation (nm) Emission (nm) 
Iso 1 490 535 
Iso 2 489 541 
Iso 3 487 537 
Iso 4 487 531 
Iso 5 469 524 
Iso 6 468 528 
Fluorescence Intensities were collected for the six possible isosbestic points over 
the course of three cycles of acid and base exposure (Tables 25, 26, and Figure 49). 
Large fluctuations in fluorescence intensities were observed. Using equation 6-2, the 
fluctuations in fluorescence intensity between the acid and base solutions were 
determined to be statistically different to a 95% confidence level (Tables 27 and 28). 
However, Ios 5 and Iso 6 showed the least amount of fluorescence intensity fluctuation 
between the acid and base immersions, and their excitation wavelengths were 469 nm 
and 468 nm, respectively. Since these excitation wavelengths are near that of 
fluorescein ' s known in-solution isosbestic point, it may be evidence that an isosbestic 
point is retained when fluorescein is bound within the polymer matrix but that it does 
not translate to fluorescence very well. 
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Table 26 
Normalized Average Fluorescence Intensities of Acid-base Modulation Study 
Label Acid 1 Base 1 Acid 2 Base2 Acid 3 Base 3 
Iso 1 1054 5101 893 5804 872 6031 
Iso 2 1290 7677 1097 8459 1085 8753 
Iso 3 1389 7211 1127 8306 1108 8987 
Iso 4 1062 5139 1093 6264 858 6512 
Iso 5 780 3414 898 4179 624 4621 
Iso 6 750 3119 902 3744 586 4303 
Table 27 
Normalized Standard Deviation of Acid-base Modulation Fluorescence Intensities 
Label Acid 1 Base 1 Acid 2 Base2 Acid 3 Base 3 
Iso 1 96 330 99 381 120 438 
Iso 2 120 578 120 582 153 634 
Iso 3 135 521 125 572 160 670 
Iso 4 106 404 125 439 120 515 
Iso 5 74 265 100 286 85 355 
Iso 6 72 255 101 262 78 322 
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Acid-Base Modualtion of Normalized Samples 
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Figure 49. Modulation study of fluorescein-Eponol samples immersed in I.OM HCI and 
l .OM NaOH solutions. 
Table 28 
Calculated t-test Values between Acid and Base Exposure for Various Excitation-
emission Wavelength Combinations 
Label Al vs. Bl Bl vs. A2 A2 vs. B2 B2 vs. A3 A3 vs. B3 
Iso 1 267 255 270 268 239 
Iso 2 242 233 266 266 249 
Iso 3 246 241 267 262 238 
Iso 4 224 215 258 257 225 
Iso 5 225 217 263 258 228 
Iso 6 211 202 252 247 231 
An and 8 0 refer to the acid or base of then cycle, respectively, and ta;, = 1.96. 
CHAPTER VII 
THESIS SUMMATION 
Summary 
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The behavior of fluorescent probes, fluorescein and rhodamine B, within various 
polymer matrices was studied via fluorescence to detect early on-set corrosion on 
aluminum 2024-T3 panels. Although the fluorescent probes proved viable within the 
1 K epoxy system, Eponol, fluorescence data showed that they leached out of the 
thermoset networks that were evaluated, i.e., P5, PUD, PU, and PUU. 
Correlations between coating chemistries and water vapor transmission (WVT) 
data were shown in Figure 26 and Table 17. In the presence of probes, both epoxy 
systems exhibited lower WVT than their respective probe-free coatings. While this 
trend was also observed in the PUU system, the other urethane coatings exhibited 
greater WVT in the presence of fluorescein and rhodamine B. Both of the epoxy 
coatings with probes exhibited lower WVT than the polyurethane coatings, and the PUD 
system showed the highest WVT after the incorporation of fluorescein and rhodamine B. 
A similar trend was expected from the water equilibrium content (WEC) data. 
However, the Eponol coatings (sample sets 1 and 2) showed conflicting results (Figure 
27). The sample set with the lowest standard deviation, i.e. , Eponol 1, was used for 
comparisons between coatings. Except for PU, which exhibited the lowest WEC, the 
other coating samples are consistent in their relationship between WVT and WEC. 
Although the WEC of PUD film' s was - 2.5 times that of the PUU films, the WVT 
values of the three polyurethane coatings were similar to one another. This may be due 
to the ionic stabilizers used in the formulation of PUD. 
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Leaching behavior of the coatings in aqueous solutions was evaluated to 
understand the changes in their fluorescent intensities after exposure testing. 
Fluorescence data indicated some fluorescein probe leaching from the thermoset systems 
(Figures 29 and 31 , Tables 18 and 20). Rhodamine B was less susceptible to leaching 
than that of fluorescein (Figure 30 and Table 19). 
It was concluded that Eponol maintained a constant probe concentration while 
P5 allowed for limited leaching of fluorescein. The polyurethane coatings readily lost 
their fluorescent probes with PU being slightly better at probe retention than PUU, with 
PUD being the worst at probe retention. Going back to Figure 26, this trend in leaching 
behavior is also reflected in the WVT data. The probe-containing coatings of P5 and 
Eponol have similar, low WVT rates, and PUD had the highest WVT rate. However, 
and PUU's WVT rate is about half that of the PU and PUD coatings, which was 
expected to outperform both PU and PUD. 
Understanding this leaching phenomenon was essential for interpreting the 
fluorescence data of the coatings subject to accelerated weathering. Just like the WVT, 
WEC and leaching studies, the fluorescence data separated the five coatings into two 
groups according to their polymer chemistries. After the first 10 day cycle of GM 
14872, the epoxy coatings showed similar FF responses (Figures 36 and 38). However, 
after the second 10 day corrosion cycle, the fluorescence behavior of the FR and RR 
responses were identical (Figures 37 and 39). Since no loss in fluorescence was seen for 
Eponol, it can be assumed that the probe had not managed to leach out within the time 
frame of the tests. P5 showed some loss of fluorescein in the leaching study (Figures 29 
and 31 , Tables 18 and 20), but since no loss of fluorescence was observed in the 
83 
exposure studies, it is presumed that fluorescein did not leach out over the time of these 
experiments. 
The same cannot be said for the polyurethane coatings, however. After showing 
a strong increase in both the FF and FR responses following the first 10 day cycle, PUD 
coatings dropped in fluorescence intensity across the entire panel for all three responses 
being tracked (Figures 40 and 41). The FF, FR, and RR responses of the PU coating 
exhibited similar response, i.e., increasing in intensity after the first 10 days and 
subsequently dropping in intensity after the second 10 day cycle (Figures 42 and 43). 
Figures 44 and 45 show this behavior being mimicked in the PUU coating as well. The 
FF and FR responses increased over the entire panel and the RR response increased in 
about 50% of the panel after the first corrosion cycle. However, after the second 
exposure set, 100% of the panel exhibited lower values on all three responses. 
The inconsistencies between the FF, FR, and RR responses suggest that 
rhodamine B was not as immune to environmental changes as originally thought. 
Literature references mention that rhodamine B derivatives are sensitive to the presence 
of ions. Hence, fluorescein's naturally occurring isosbestic point was investigated to 
determine if it could serve as an internal standard for fluorescein. 
In the first isosbestic study, the 48 hour data indicated 23 possible excitation-
emission wavelengths that may have been able to produce a fluorescence-based 
isosbestic point (Table 24). However, after an additional 24 hours of exposure, none of 
these wavelength combinations were statistically unchanged. Six of these 23 
combinations were chosen for further examination via a modulation study (Table 25). 
After three cycles of acid and base immersion, large fluctuations in fluorescence 
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intensities were still observed, which meant no fluorescence-based isosbestic point 
existed within the excitation-emission wavelengths studied. However, Iso 5 and Iso 6 
had excitation wavelengths nearing that of the in-solution isosbestic point of fluorescein. 
Therefore, it is believed that fluorescein retains its isosbestic point when bound within 
the coating but that it is shifted from the in-solution value of 460 nm and does not 
translate to fluorescence intensities. 
Future Work 
Rhodamine B' s ion sensitivity prevented it from being used to standardize the 
fluorescence intensities of fluorescein, but it holds promise as an ion detection probe in 
future studies. If rhodamine B shows individual responses to different ions, it could be 
employed as an alternative early corrosion detection system for substrates that liberate 
such ions during corrosion. 
No fluorescence based isosbestic point could be found within the range explored. 
However, additional investigate into the UV range of fluorescein may prove to be 
useful. This would provide a non-pH sensitive peak that could be used to track the 
mobility of the fluorescein molecule and differentiate between pH induced and 
migration-based fluorescence intensity changes. 
If FRET pairing is deemed necessary, exploration into alternative, inert probes is 
advised. Table 12 lists additional molecular probes compatible with fluorescein such as 
QSY 7 and QSY 9 dyes. This list can be expanded even further if fluorescein 
derivatives are also considered for their use as pH sensitive probes. Additionally, the 
use of water insoluble pH sensitive probes may decrease the likelihood of leaching and 
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possibly expand the range of coatings that could provide a more hospitable environment 
for the probe or probes in question. 
Exploring well-defined, crosslinked networks may be of interest in determining 
the effects of network formation on fluorophore retention within the system. In lieu of 
commercial products, polymers synthesized and characterized in the lab should be used 
for this evaluation as it would facilitate control over chemistries and parameters such as 
molecular weight, crosslink density and void volume. Investigation into additional 
linear and branched polymers is also suggested to confirm or refute their probe retention 
capabilities. 
Further exploration into the mobility of fluorescein within the Eponol 
matrix may also provide answers to the changes in fluorescence intensity. It has been 
determined that fluorescein does not diffuse out of Eponol (Figures 29 and 31, Tables 18 
and 20). Fluorescein's ability to migrate within the coating needs to be explored to 
comprehend the nature of these fluorescence changes. By combining leaching data with 
the absorbance data of either free films or coatings cast on optically clear surfaces, 
diffusion of fluorescein out of or within the coating may be determined or refuted. If 
both events are refuted, then changes in fluorescein' s fluorescence intensity can be 
equated to pH fluctuations only and not due to probe migration. This may eliminate the 
need for a secondary conformation method such as a FRET pair. 
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